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(54) Recoatable temperature-insensitive long-period gratings 



(57) Applicants have determined that the tempera- 
ture sensitivity of long period grating devices is substan- 
tially affected by the provision of a polymeric coating 
(20) over the conventional glass cladding (12,13) and. 
in particular, that by providing a polymer overcoating 



(20) with an appropriately selected index of refraction, 
one can minimize temperature sensitivity. In a preferred 
embodiment, the temperature sensitivity of a long period 
grating written in conventional dispersion-shifted fiber is 
reduced to 0.40 nm/lOO* C. 
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Description 

FtELD OF THE INVENT/ON 

5 [0001] This invention relates to long-period gratings and, in particular, to long-period gratings recoated with polymer 
for enhanced temperature stability. 

BACKGROUND OF INVENTION: 

10 [0002] Long-period gratings are in-fiber devices that can couple light between two dissimilar copropagating spatial 
modes in a fiber. These devices typically comprise a length of optical fiber with a long-period grating which is formed 
by a plurality of refractive index perturbations spaced along the fiber by a periodic distance A. In general, long-period 
grating devices are those in which the period is at least 10 times larger than the wavelength of the input light. Typically 
A is in the range 15-1500 ^im. The modes being coupled by the grating are either different modes guided by the core 

IS or are those guided by the cladding (with the next surrounding region, say air or a coating, acting as the effective 
cladding for these modes). 

[0003] The major functional difference between long-period gratings and conventional short-period Bragg gratings 
(periods A < 1 \m\) is that there is no backreflected mode in a long-period grating. As an example, the light can be 
coupled out of the core from a fundamental mode and into the cladding of a fiber on a wavelength selective basis. 
20 [0004] In the past, these devices have been used as simple mode-converters (Hill et aL, U.S. Patent 5.104,209, 
Method of Creating an Index Grating in an Optical Fiber and a Mode Converter Using the Index Grating), as wavelength- 
dependent loss elements in broadband amplifiers (Vengsarkar etai. Opt. Lett. Vol. 21, p. 336, 1996) in high-power 
fiber lasers, (Grubb and Stentz, Laser Focus World, February 1996, p. 127). and as band-rejection filters (Vengsarkar 
et ai. Journal of Lightwave Technology, vol. 14, p. 58, 1996). See also U.S. Patent No. 5,430, 817 issued to A. M. 
2S Vengsarkar on July 4, 1995. 

[0005] While these devices provide an elegant solutk>n to many problems in fiber communications, they exhibit tem- 
perature sensitivity. The peak wavelength shifts by 4-1 0 nm per 1 00° C change in temperature. For some applications 
where ambient temperatures can fluctuate between 5° and 45* C, such variations are not acceptable and temperature 
compensation schemes are desirable. The simplest solution is to place the grating device in a controlled temperature 
30 chamber; this solution however adds temperature controllers, thereby adding cost and increasing reliability concerns. 
[0006] Several other solutions have also been suggested. For example. US-A-5703978 demonstrates a method of 
changing the fiber composition and profile such that the temperature dependence of the peak wavelength can be 
reduced below 4 nm per lOO'^C change in temperature. This solution, while useful for many applications, places the 
burden of stabilization on accurate preform and fiber manufacture. It further eliminates the possibility of using standard 
35 telecommunication fibers as the grating host, raises the necessity of splicing and introduces added insertion losses. 
[0007] Another method described In US-A-5757549 uses a specifically tailored grating where the dependence of the 
peak wavelength is opposite in polarity for strain and temperature. Such a specially designed grating Is packaged In 
a material with a specific thermal expansion and leads to a packaged temperature-insensitive device. This method, 
while attractive, places the burden of stabilization on the packaging material and. by its operating principle, requires 
40 that the fiber grating be placed under strain during Its entire lifetime. 

[0008] In addition, in prior efforts to compensate for temperature Instability, the grating portion of the fiber is bare 
and not coated. The fiber grating Is uncoated because once the temperature-lnsensltivlty has been accomplished, the 
additional step of recoating the grating would change the spectral and themnal properties of the device, thus rendering 
it unstable to temperature variations. Leaving the grating section uncoated raises issues of reliability and packaging 
stability over the lifetime of the device. There is therefore a need for a recoated temperature insensitive grating that 
can use conventional communication grade fiber (which helps lower splice losses) and that does not need to be strained 
during Its lifetime. 
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SUMMARY OF THE INVENTION: 



[0009] Applicants have determined that the temperature sensitivity of long period grating devices is substantially 
affected by the provision of a polymeric coating over the conventional glass cladding and, in particular, that by providing 
a polymer overcoating with an appropriately selected index of refraction, one can minimize temperature sensitivity In 
a preferred embodiment, the temperature sensitivity of a long period grating written In conventional dispersion-shifted 
ss fiber is reduced belowto 0.40 nnn/100" C. 
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BRIEF DESCRIPTION OF THE DRAWINGS: 

[0010] The advantages, nature and various additional features of the invention will appear more fully upon cOTsid- 
eration of the illustrative embodiments now to be described in detail in connection with the accompanying drawings. 
s In the drawings: 

Fig. 1 is a schematic view of a long period grating in accordance with one embodiment of the invention; 
Fig. 2 is a graphical illustration of the index profile of the device of Fig. 1 ; 

10 

Fig. 3 is a graphical plot of center wavelength versus period A useful in making the device of Fig. 1. 

Fig. 4 is a graphical plot showing the relationship between np and T for typical polymeric coatings. 

IB Fig. 5 is a graphical plot showing the reduced temperature sensitivity of an exemplary long period grating in ac- 

cordance with Fig. 1 . 

Fig. 6 shows an optical transmission system using the device of Fig. 1 to remove unused pump energy. 

20 Fig. 7 shows an optical transmission system using the device of Fig. 1 to flatten the gain of an optical amplifier, and 

Fig. 8 is a graphical plot showing the typical shift of peak wavelength due to the change of the index of refraction 
of the surrounding medium. 

25 [0011] It is to be understood that these drawings are for purposes of illustrating the corK:epts of the invention and 
are not to scale, 

DETAILED DESCRIPTION: 

30 [0012] Referring to the drawings. Fig. 1 is a schematic cross section of a long-period grating device having reduced 
temperature sensitivity. The device comprises a length of optica! fiber 10 for transmitting light in a guided mode having 
a core 11 surrounded by a composite cladding comprising a low index portion 12 and a higher index portion 13. Both 
portions of cladding 12,13 have indices of refraction lower than the index of core 11 . In accordance with the invention, 
a polymeric overcoat 20 of selected optical properties surrounds the composite cladding. 

3S [001 3] A preferred materials system is germanium-doped silica for the core 11 , fluorine-doped silica for the low index 
portion of the cladding 12, and undoped silica for the higher index portion 13. The polymer overcoating is preferably 
a fiuorinated aery late with a photoinitiatior. Fig. 2, which is a plot of refractive index versus distance from the core center 
for an exemplary fiber, shows exemplary dimensions and refractive index profile for this application. 
[0014] The core 11 includes one or more long-period gratings 14, each comprising a plurality of index perturbations 

40 1 5 of width w spaced apart by a periodic distance A where, typically, 1 5 jam < A < 1 500 ^im. Advantageously, 1/5 A < 
w < 4/5 A and preferably w = 1/2 A. The perturbations are formed within the glass core of the fiber and preferably form 
an angle 0 (2** < 9 < 90°) with the longitudinal axis of the fiber. The fiber is designed to transmit broad band light of 
wavelength centered about Xp. 

[0015] The spacing A of the perturbations is chosen to shift transmitted light in the region of a selected wavelength 
45 from the guided mode into a non-guided mode, thereby reducing in intensity a band of light centered about Xp. A 
non-guided mode is a mode which is not propagated coherently in the core, and is typically a cladding mode, a radiation 
mode, or, in the case of multilayer profiles, a ring mode. 

[0016] Fig. 3 is a graph illustrating for the fiber of Fig. 2 the periodic spacing A for removing light centered about a 
wavelength Xp. Thus, to make a device for removing light centered around Xp = 1540 nm, one chooses a spacing of A 

so = 330 |j.ni as shown in Fig. 3. 

[0017] The long-period grating can be formed by selectively exposing the core to beams of intense light of width w 
at locations separated by the distance A. Preferably, as a preliminary step, the fiber is loaded with molecular hydrogen 
or deuterium to enhance the photosensitivity of the core. The preferred exposure source is UV radiation from a KrF* 
excimer laser Proper spacing can be effected by exposing through a slit of width w and then moving the fiber to the 

55 next exposure site. Alternatively, the fiber can be exposed to a wide beam from the laser through an amplitude mask 
providing a plurality of transparent slits at spacing A and opening widths w. Preferably the exposure dosage loraach 
slit is on the order of 1 000 pulses of > 1 00 mJ/cnr^^ fluence/pulse, and the number of perturbations is In the range 1 0-1 00. 
[001 8] In operation, light of wavelength Xp is transmitted down the fiber in a core mode The long period grating shifts 
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from the core mode to a higher order mode. The fiber at the grating has one effective index for the core mode 
and another effective index n,^ for the higher order mode. The ts determined primarily by the geometry and index 
of the core. The n,^ is determined by the indices and geometry of the cladding and. significantly, by the index Hp of the 
polymeric overcoating. In accordance with the invention, the temperature sensitivity of the grating Is minimized by 
5 choosing np such that the effect of temperature on n,^ closely approximates the effect ot temperature on no^. The 
specific chemical composition of the polymer is not relevant as long as it meets the np and dDp /d 7 criteria herein 
described. 

[0019] The polymer can be applied onto the glass fiber containing the grating as a melt or be cast from solution. A 
preferred process Is to apply a liquid monomer or oligomer mixture that can be polymerized in situ. This polymerization 

10 can be initiated simply by mixing reactive co-monomers, by moisture, by air. by heat, or by the action of actinic radiation 
(preferred). Examples of suitable polymers include fluorinated polymers and silicon-based polymers (siloxanes). The 
former include partially or fully fluorinated polymers, such as copolymers of perfluoro-2,2-dimethyldioxoleand telrafluor- 
oethylene sold under the tradename TEFLON AF(g>by duPont; ring-cyclized homopolymers of perfluoro(allyl vinyl ether) 
sold under the tradename CYTOP® by Asaht Glass Co.; terpolymers of tetrafluoroethylene, hexafluoroethylene, and 

is vinylidene fluoride sold under the tradename THV FLUOROPLASTIC® by 3M; copolymers of perfluoro-2,2-dimethyl- 
dioxole and chlorotrifluoroethylene; and terpolymers of perfluoro-2,2-dimethyldioxole, tetrafluoroethylene and chloro- 
trifluoroethylene. Suitable fluorinated polymers further comprise fluoroacrylates and/or their copolymers with hydro- 
carbon-based (non-fluorinated) acrylates (and/or methacry lates), ftuoromethacrylates and/or their copolymers with hy- 
drocarbon-based (non-fluorlnated) acrylates (and/or methacrylates), fluorinated acrylamldes. fluorinated urethanes, 

20 fluorinated epoxies, fluorinated vinyl ethers, and fluorinated vinyl esters. Mixtures of any of these fluorinated polymers, 
copolymers or terpolymers further may be used. Fluoroacrylates comprise esters of acrylic acid and perfluorinated or 
partially fluorinated alcohols, diols, or polyols. Fluoromethacrylates comprise esters of methacrylic acid and perfluori- 
nated or partially fluorinated alocohols, diols, or polyols. 

[0020] Suitable silicon-based polymers include polydimethylsiloxanes, polydiphenylsiloxanes. polymethylphenylsi- 
25 loxaneS: polysilanes, and polys ilazanes. The silicon-based polymers further comprise polysiloxanes and polysilsesqul- 
oxanes having one or more substituents selected from the group consisting of aery late, methacry late, epoxy. amine, 
vinyl, hydride, silanol, carbinol, carboxylic acid, alkoxysilane having from 1 to 18 carbon atoms, and mercaptan. Co- 
polymers or mixtures of any of these silicon-based polymers also may be used. 

[0021] In the case of fluorine-containing polymers, the refractive index can be adjusted by changing the relative 
so fluorine content in the polymer In the case of siloxanes, the refractive index can be adjusted by changing the ratio of 
methyl to phenyl groups attached to the siloxane chain. A preferred polymer comprises at least 70% by weight of a 
perfluoropolyether diacrylate. Using this approach, one can make a recoated long period fiber grating with reduced 
temperature sensitivity below 1 nm/ 100** C and preferably below 0.40 nm/ 100** C. 

[0022] The nature and advantages of the invention can now be better understood by reference to the following specific 
35 example. 

EXAMPLE: 



[0023] In this example, we describe a specific design of a long-period grating written in a conventional dispersion- 
shifted fiber that will give a 0^^/0/7 approximately equal to zero. The fiber is commercially available, has a mode-field 
diameter of 8.5 \im, a cladding diameter of 125 \xm, a core A of approximately 1 % (10 mole % germania in the core) 
and is singlemode at 1550 nm. The desired effect is achieved using a low index (lower than silica) polymer coating 
material with a well-designed negative dn^dT For amorphous polymers in general, the relationship between the re- 
fractive index and temperature dependence is shown in Figure 4 for glassy polymers and rubbery polymers. A long- 
period grating of periodicity A =^ 260 \im was written in the dispersion-shifted fiber, which led to a peak wavelength of 
coupling between the fundamental LPq^ mode and the HE^ f cladding mode of 1457 nm (at room temperature). With 
no coating, the temperature dependence of the peak wavelength was measured to be 8 nm/100*C (curve 1 of Fig. 5). 
This grating was recoated, using a perfluoropolyether diacrylate polymer with a refractive index of 1 .32 and dn^dT= - 
3.2 X 1 0-^/**C. The recoated grating was then temperature cycled between 20 and 80 *C, giving a temperature depend- 
ence of -0-48 nnV100**C (curve 2 of Fig. 5). This reduction of the temperature dependence by more than a factor of 
ten and the reversal of polarity is a clear indication that the polymer can be designed to completely eliminate the 
temperature dependence of a grating written in a conventional communication grade fiber. The procedure for extending 
this design to other fibers is set forth in Pail II below. ^ 

[0024] These temperature insensitive long period gratings are useful in optical fiber telecommunications as spectral 
shaping devices. Fig. 6 illustrates an optical transmission system 50 using a temperature insensitive long period spectral 
shaping device to remove unused pump energy. Specifically, the system 50 comprises a transmitter source 51 of optical 
signals such as a digitally modulated 1.55 p.m signal, an optical signal path comprising a length of optical fiber 52 for 
transmitting the signal, and a receiver 53 for receiving and demodulating the signal. An optical amplifier such as an 
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erbium-doped fiber amplifier 54 is disposed in the optical signal path for amplifying the transmitted signal. The amplifier 
is pumped by pump sources 55. 56 of optical energy of pump wavelengths and X^2- Unused pump energy of each 
pump wavelength will pass through amplifier 54. The energy is advantageously removed from the system so that it will 
not deteriorate the perlonmance of the pump sources 55. 56 and transmission and receiving equipment 51. 53. To 

5 remove unused pump energy, a long-period spectral shaping device 57 is disposed in the path of the energy from 
pump 55 after it has passed through amplifier 54. Specifically, in the dual-pumped laser of Fig. 6, device 57 has its 
spacing A chosen to remove energy of wavelength Xp^. A second long-period grating 58 has its spacing chosen to 
remove energy of wavelength 7^2- ^ typical application, is 1 .55 ^m, is 0.978 |im and Xpg is 0.98 |im. Thus, for 
example, device 57 could comprise a hydrogen-loaded germanosilicate fiber with core index and diameter chosen 

10 such that it allows the propagation of only the fundamental mode at X > 0.97 jim. For this application the perturbations 
should be exposed by a dosage > 100 mJ/cm^ and there should be at least 20 perturbations in each grating it. 
[0025] Fig. 7 illustrates an optical transmission system 70 using a temperature insensitive long period shaping device 
72 to shape the spectral gain characteristics of a rare-earth doped optical fiber amplifier. Specifically it is here used to 
reduce the spectral dependence of an erbium-doped fiber amplifier 44. The device 72 is disposed in the path of the 

IS amplifier 54. The shaping device 72 has one set of spacings A chosen to remove energy of wavelength 1.53 ^xm 
corresponding to the gain peak wavelength of the amplifier and another set of spacings to remove energy of wavelength 
1 .56 ^m at the other gain peak. By proper choice of the number of perturbations and the dosage of exposure, the gain 
spectrum of the amplifier/device combination can be made substantially flat over a range of wavelengths 1530 to 1560 
nm. For a typical erbium amplifier, the shaping device exposed by a dosage < 100 mJ/cm^, lOOO pulses per slit will 
20 produce a more uniform gain response over the range of wavelengths 1530-1 560 nm. 

[0026] Advantageously, system 70 can be a WDM system using a plurality of different wavelength signals, e.g. X^^ 
and Xs2- It should be understood that the shaping device 72 need only be in the optical path of the amplifier. It can be 
before, after or within the optical amplifier cavity comprising the rare-earth-doped fiber. 

2S PRINCIPLES OF DESIGN: 

[0027] Gratings operate on the principle that the induced periodic index changes match the phase difference between 
two spatial modes in a fiber. This coupling takes place at a peak wavelength usually defined in vacuum. A long 
period grating with period A will couple light between two co-propagating modes (LPq^ and LPf^ that satisfy the con- 
30 dition, 

K^(^oi'^im)^^ (1) 
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where A is the period of the grating (A is usually > 10 ^m), and rif^ are the effective indices of the LP/^ modes. An 
important parameter in the above equation is the effective index of a mode. The effective index of a mode is related 
to the waveguiding condition that supports the mode in a fiber and is determined by the refractive indices of the central 
core and all adjacent cladding layers. The coating that surrounds the fiber can be considered to be one of the cladding 
layers and is an important parameter when analyzing cladding modes. Note that the refractive indices of the different 
radial layers of a fiber are material properties and can be changed by choosing different material compositions. The 
effective indices are waveguiding properties of the modes and are directly dependent on the physical dimensions (e. 
g., diameter) of the fiber and the refractive indices of all layers. 

[0028] We now see how the peak wavelength changes if the temperature of the long-period grating is varied. By 
differentiating Eq. (1) with respect to temperature (T), we obtain 



p 

dT 



where (iK/6T\s governed by the thermal expansion coefficient of the material. We see from Eq. (2) that to obtain a 
small change in peak wavelength with respect to temperature (small dk^fdl), we need to find materials such that the 
right hand side of Eq. (2) is approximately zero. Note that it is not very desirable to change driQi /dT since Hqi is 
essentially controlled by the core material and the central core material has to satisfy other optical properties such as 
reactivity to uv-light (in order that the uv-induced grating may be written). This requirement entails that a photosensitive 
silicate glass is best-suited for the core. While germania, phosphorus and boron co-doping allows for photosensitive 
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operation, the thermal dependence of the refractive indices of these glasses does not vary much. Further, the main 
point of this invention is that we use commercially available fibers with no changes made to the glass regions. We 
therefore focus on changing the material properties of the regions surrounding the core and the cladding. Rewriting 
Eq. (2) to separate the dependence of the higher-order LP/^ mode on the polymer coating, we get, 



dT 



dT 



"'-df\ 



A% + «^-^| (3) 



[0029] The region surrounding the cladding contains some of the power of the LP;^ mode and both n^^ and tfn/^ 
c/rare predominantly controlled by the material properties of this region. Let us assume thai for a given fiber and given 
A which couples light between two prespecified modes, the first square bracket on the right hand side of Eq. (3) is 
equal to F, Our goal is to design a coating material that surrounds the fiber with properties and dn^dT (where 
is the refractive index of the polymer material), such that A x dPf^/dT-h ni^^ x dA/dr equals r. More specifically, we 
will work with the factor A x dPf^Hp x dn^ T where Hp is the Index of the polymer material and dnf^Brip denotes the 
dependence of the effective index of the LP,^ mode on the polymer refractive index. The term d/ij^ /dn^ can be 
modified by choosing a mode which spreads out to different levels into the coaling and is thus variably affected by the 
20 coating index. 

[0030] The choice of a suitable polymer material can lead to different values of Bn^/dTThe change of the polymer 
refractive index with temperature is given by the following expression [L Bohn, in "Polymer Handbook," J. Brandrup 
and E H. Immergut, Eds., second edition, Wiley, 1975, p. 241]: 

^ = -^.(„;..).(„;-0. (4) 

30 where a is the volumetric thermal expansion coefficient of the polymer. Since a is positive for all polymers and np is > 
1 , BnJdT \s negative. The refractive index of the polymer n^, cannot be higher than the index of the glass cladding in 
order to permit propagation of cladding modes. 

[0031] A suitable polymer for this application can be designed such that the condition of thermal insensivity is met. 
A general approach to designing the polymer is given below: 

3S 

1. Long-period fiber gratings are fabricated in a conventional optical fiber 

2. The temperature dependence of the peak wavelengths corresponding to the different modes in the fiber are 
characterized. 

40 

3. The effect of recoating the grating with polymers of different refractive indices and different dnp/dT is evaluated. 

4. A plot of wavelength shift as a function of recoating index provides insight into the dn/dT requirements, on the 
polymer. Such a plot is shown in Figure 8. Steps (1 )-(4) allow us to evaluate the range of values for the terms A x 
clni^dT, n|,„ x dL^dT, and 9n|^/dnp. From Eqn. (3) and the conditions described above, we now need to pick a value 
for dnp/9T such that the condition A x dni^/dT + n|^ x dL/dT = r is met. 

5. A suitable polymer is chosen using Eqn. (4) above. The emphasis Is on picking the right combination of np and 
dnp/dT to make d^y'dT zero. 

so 

6. The long-period grating is recoated and its temperature dependence is measured for the mode under consid- 
eration. 

[0032] It is to be understood that the above-described embodiments are Illustrative of only a few of the many possible 
55 specific embodiments which can represent applications of the principles of the invention. 
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Claims 

1 . A long-period grating with a center wavelength Xp having enhanced stability to variations in tennperature comprising: 

5 an optical fiber Including a core having an effective mode index n^^, a cladding surrounding said core having 

an effective mode index n^a^j^jj^g less than n^^. said core having a grating region comprising a plurality of 
perturbations in its refractive index spaced apart by a periodic distance A to form the long period grating with 
a center wavelength X^; 

10 wherein a polymer is disposed around said cladding along said grating region, said polymer having a refractive 

index and a first derivative with respect to temperature dnp/dT; 

and wherein and dnp/dT are chosen so that the rate of change of with respect to temperature is less 
than lnm/100** C. 
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2. The grating of claim 1 wherein the np and dnp/dT are chosen so that the rate of change of with respect to 
temperature is less than 0.40 nm/lOO" C. 

3. The grating of claim 1 wherein said polymer comprises a fluorinated polymer. 



4. The grating of claim 3 wherein the fluorinated polymer is selected from the group consisting of (a) fluoroacrylates, 
fluoromethacrylates, fluorinated acrylamides, fluorinated urethanes, fluorinated epoxles, fluorinated vinyl ethers, 
fluorinated vinyl esters, ring-cyciized homopolymers of perfluoro(allyl vinyl ether), co-polymers of fluorinated acr- 
ylates or methacrylates and non-fluorinated acrylates or methacrylates, copolymers of perfluoro-2,2-dimethyldi- 
25 oxole and tetrafluoroethylene, copolymers of perfluoro-2,2-dimethyldioxole and chlorotrifluoroethylene, and ter- 

polymers of (i) perfluoro-2,2-dimethyldioxole, tetrafluoroethylene and chlorotrifluoroethylene and (li) tetrafluoroeth- 
ylene, hexafluoroethylene, and vrnylidene fluoride, and (b) mixtures thereof. 



5. The grating of claim 3 where the polymer comprises a perfluoropolyether diacrylate. 

6. The grating of claim 1 wherein said polymer comprises a silicon-based polymer 



7. The grating of claim 5 wherein said silicon-based polymer is selected from the group consisting of (i) polydimeth- 
ylsiloxanes, polydiphenylsiloxanes, polymethylphenylslloxanes, polysilanes, and polys ilazanes; and polysiloxanes 
35 and polysilsesquioxanes having one or more substituents selected from the group consisting of acrylate, meth- 

acrylate, epoxy, amine, vinyl, hydride, silanol, carblnol, carboxylic acid: alkoxysilane having from 1 to 18 carbon 
atoms, and mercaptan; and (ii) copolymers and mixtures thereof. 



8. An opt'cal fiber communications system comprising: 
a source of an optical signal; 

optically coupled to said source, an optical signal path comprising length of optical fiber for transmitting said 
optical signal; 

disposed in said optical path, an optical amplifier for amplifying said optical signal; 

a pair of pumping sources for pumping said optical amplifier with optical pumping energy of wavelength 
and Xp2; 

disposed in the path of energy from each pump after said pumping energy has passed through said amplifier 
unused, a spectral shaping device for removing said unused pumping energy from said optical path comprising 
a long-pendd grating according to any of the preceding clainns. 

ss .9. A optical fiber communications system comprising: 

a source of at least one optical signal; 

optically coupled to said source, an optical signal path comprising a length of optical fiber for transmitting said 
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optical signal; 

disposed in said optical signal path, an optical amplifier having a gain spectral dependence with one or more 
peak regions providing different gain for different wavelengths; 

disposed in said optical signal path, a spectral shaping device comprising a long-period grating device ac- 
cording to any of claims 1 to 7 for removing energy from the spectral region of one or more of said peak regions 
in order to provide a more uniform spectral output. 

10. A communications system according to claim 8 or claim 9 wherein said optical amplifier comprises an erbium- 
doped optical fiber amplifier. 

11. An optical fiber amplifier comprising 



a rare-earth doped length of optical fiber; and 

a long -period grating according to any of claims 1 to 7 in the path of said fiber for shaping the spectral gain 
^5 characteristics of said amplifier. 
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FIG, 3 
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FIG. 5 




1405 - 
14O0- 
1395- 
1330- 
1385- 



13BQ I ■ I 1 1 1 1 1 1 

20 30 40 50 GO 70 BO SO 

TEMPERATURE. 'C 



SDCCID: <EP_0909965A1J_> 



12 




FIG. 7 



r5B 70 




1S30-I \ 1 1 1 1 1 1 

0- -5- -ir-' -15^ -20 -25 -jO -35 

DELTA. X (SURROUNDING HEOIUN) 



BNSCXDCID: <EP 090996SA1 \ > 



13 



EP 0 909 965 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 98 30 8351 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citatton ot dcxrument with indication, where appropriate. 
of relevant passages 



Relevant 
to claim 



CLASSIFICATrON OF THE 
APPLICATION <lnt.CI.6) 



A.D 



US 5 430 817 A (VENGSARKAR ASHISH M) 

4 July 1995 

* the whole document 



EP 0 767 391 A (AT & T 

* claims; figures * 

* page 2 - page 4 * 



CORP) 9 April 1997 



1.8-11 



1,8-11 



G02B6/16 
G02B6/293 
G02B6/34 
H04B10/12 



US 5 042 898 A (MOREY WILLIAM W 
27 August 1991 
* figures * 

line 1 - 
1 ine 46 



ET AL) 



column 7, 
column 6, 
column 5, 
column 4, 
column 3, 



line 46 * 
- line 68 * 
line 1 - line 52 + 
line 1 - line 68 * 
line 22 - line 68 * 



WO 97 26572 A (CORNING INC ;BEALL G H 
(US); WEIDMAN D L (US)) 24 July 1997 

♦ claims; figures * 

tO.L. WEIDMAN ET.AL.: "A novel negative 
expansion substrate material for 
^ a thermal 1 zing fiber bragg gratings" 
^22ND EUROPEAN CONFERENCE ON OPTICAL 
COMMUNICATION, 

vol. 1, 15 - 19 September 1996, pages 
1 .61-1.64, XP002091321 
Os'o, Norway 

• the whole document ♦ 



TECHNICAL FIELDS 
SEARCHED {lnt.CL6) 



G02B 

H04B 



The present search report has bean drawn up for all claims 





Ptoca oTsMHCh 




Daw ol CO 


mpMion ol ttY« 3«arch 


Examiner 




THE HAGUE 




27 January 1999 


Mathyssek, K 




CATEGORY OF CITED DOCUMENTS 




T : theory or principle underlying the invention 










E : eariier parent document, but put^shed on. or 


' X 


pefttcularV retevant'if taken alone 






after the^ntrngtatfi 


Y 


particular V fBlavam H comtMned with another 




D : document dted in the application 




doctimeni ot the same category 






L : document dted for other reasons 


A 


technological background 










o 


: non-written diftctosure 






a : memt^er of the same patent famwy. con^sponding 


p 


intermedi^e document 






document 





JDOCID: <EP_090996SA1_I_> 



14 



EP 0 909 965 A1 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 98 30 8351 



This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report 
The members are as contair>ed in the European Patent Office EDP tile on 

The European Patent Office is in no way liable for these particulars which are merely given -or the purpose of information. 

27-01-199P 



Patent <&>cumenl 
cited in search report 



PuWication 
date 



Patent family 
member(s) 



Publication 
date 



US 5430817 



04-07-1995 



CA 
EP 
JP 



2141899 A 
0675611 A 
7283786 A 



EP 0767391 



09-04-1997 



JP 
US 



9145941 A 
5703978 A 



US 5042898 



27-08-1991 



DE 69020167 D 

DE 69020167 T 

EP 0507877 A 

WO 9110151 A 



WO 9726572 



24-07-1997 



AU 
AU 
CA 
CA 
EP 
EP 
WO 



2990397 
6897396 
2242676 
2243200 
0875012 
0880718 
9728480 



i 
g 

u. 
p 

u: For more details about this annex : see Officia) Journal of the European Patent Office, No. 12/82 



01-10-1995 
04-10-1995 
27-10-1995 



06-06-1997 
30-12-1997 



20-07-1995 
26-10-1995 
14-10-1992 
11-07-1991 



22-08-1997 
11-08-1997 
24-07-1997 
07-08-1997 
04-11-1998 
02-12-1998 
07-08-1997 



BNSDOCID: <EP_0909965A1 J_> 



15 



